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We demonstrate that the intricate energy spectrum of neutron-rich helium isotopes can be
straightforwardly described by taking advantage of the low-energy properties of neutron-neutron
interaction and the scale separation that is present in diluted dripline systems. By using arguments
based on the halo effective field theory, we carry out a parameter reduction of the complex-energy
configuration interaction framework in the spd space, including resonant and scattering states. By
adjusting only one parameter, the strength of the spin-singlet central neutron-neutron interaction,
we reproduce experimental energies and widths of 5−8He within tens of keV precision. We pre-
dict a parity inversion of narrow resonances in 9He and show that the ground state of 10He is an
s-wave-dominated threshold configuration that could decay through two-neutron emission.
Introduction.–The neutron-rich helium isotopes 5−10He
epitomize novel aspects of nuclear structure at and be-
yond the limit of nuclear binding. Experimentally, the
even-even isotopes 6He [1] and 8He [2, 3] are Borromean
halos, they have no bound excited states, and they ex-
hibit an abnormal pattern of the one- and two-neutron
emission thresholds. The odd-N isotopes 5He [1, 4, 5]
and 7He [6, 7] are neutron-unbound. Presently, too little
is known about the elusive 9He [8, 9] and 10He [3, 4, 10–
19] isotopes to firmly conclude whether they represent
genuine nuclear systems or not. The current experimen-
tal information on the energy spectrum of 5−10He is dis-
played in Fig. 1.
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FIG. 1. Energy spectra of 5−10He with respect to the 4He
core. Experimental data [20] are compared to our Gamow-
DMRG (G-DMRG) calculations. Decay widths are shown as
shaded bars. The predicted 1/2− resonant states in 5,7He are
so broad that their widths are not marked. For these states,
as well as for states in 9,10He, experimental information is not
firm.
Theoretically, the understanding of the neutron-rich
helium chain is challenging: it requires a microscopic
framework based on a realistic interaction that is capable
of describing many-body correlations and salient contin-
uum effects [21, 22]. A number of sophisticated many-
body methods, based on realistic Hamiltonians, were em-
ployed to describe neutron-rich helium isotopes using nu-
cleons as elementary degrees of freedom, both without
continuum couplings [23–27] and also considering them
to some extent [28–32]. While such A-body approaches
are powerful, they also have shortcomings when it comes
to quantitative and quantified predictions. The associ-
ated two- and three-body forces, often derived from chiral
effective field theory [33–35], are in most cases not statis-
tically optimized and quantified; hence they do not have
the required precision and accuracy to guide experiments
on exotic nuclei near the drip lines [36]. It also remains
to be seen how the truncation errors at the two- and
three-body level [37–39] would propagate in many-body
calculations. Moreover, the complete inclusion of many-
body forces is still computationally challenging, which
only adds to the already difficult task of including con-
tinuum couplings. Consequently, no satisfactory A-body
description of 9,10He has thus been achieved.
In this paper, we demonstrate that it is possible to
achieve a precise description of the neutron-rich helium
chain within an effective framework that recognizes the
emergence of effective scales and associated degrees of
freedom in these nuclei. We first note that, at low-
energy, the tightly bound nature of 4He makes it a nat-
ural core whose internal dynamics is largely decoupled
from valence neutrons. This decoupling is reflected in
the smallness of the ratio ∣S1n∣(5He)/E∗(4He, 0+2)≈0.04.
This makes it possible to reduce the full A-body neutron-
rich helium problem to a reduced-size task involving the
4He core and (A−4) neutrons. As 6,8He are halo systems,
further simplifications are possible by taking advantage
of the scale separation. For instance, halo effective field
theory (halo-EFT) [40, 41] allows to systematically con-
struct, order by order, effective interactions tailored to
weakly bound systems [42–45].
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2According to the power counting in pionless EFT
[40, 46, 47], the dominant contribution to the neutron-
neutron interaction at low energy should come from the(S = 0, L = 0) channel, while the contributions from chan-
nels with L ≥ 1 should only appear at higher orders. Un-
fortunately, many-body terms appearing in the halo-EFT
Hamiltonian, which are already present at the lowest or-
der in 6He in the form of a 4He-neutron-neutron inter-
action [44, 45], make this approach unpractical when it
comes to the heaviest neutron-rich helium isotopes. Still,
the recognition that the main contribution to the valence
neutron-neutron interaction in the neutron-rich helium
isotopes primarily comes from the 1S0 channel, suggests
that rather simple interactions should perform well in
those diluted many-neutron systems. This has been rec-
ognized in the studies of neutron drops [48]. Indeed, be-
cause of the dilute character of those systems, the role
of many-body interactions is expected to be small. As
shown in Ref. [48], the ground-state (g.s.) energy pat-
tern of trapped neutron drops is strikingly reminiscent of
that for the helium chain.
The strategy based on the 4He core was adopted by
continuum shell model approaches to describe the he-
lium chain [49–53]. All these approaches relied on phe-
nomenological one- and two-body interactions in the va-
lence neutron space, which were not constructed using
effective scale arguments, and, except for the recent work
in Ref. [53], no systematic study of the model parame-
ter space has been carried out. Moreover, in all previous
shell-model studies, the continuum space pertaining to
the unbound 9,10He isotopes has been truncated. The
fact that none of the traditional approaches, whether A-
body methods or shell model approaches, are either prac-
tical or can provide reliable predictions for neutron-rich
helium isotopes motivates the development of an alterna-
tive path rooted in halo-EFT and based on the complex-
energy formalism.
Method.– In the present work, the description of
neutron-rich helium isotopes is achieved by employing
the single-particle (s.p.) Berggren basis [54, 55]. The
use of the Berggren ensemble allows to naturally extend
the configuration-interaction picture into the complex-
energy plane [56], by explicitly including Gamow (reso-
nant) states and nonresonant scattering states for each
partial-wave channel c = (`, j). As discussed in detail in
Ref. [56] in the context of complex-energy shell model ap-
plications, scattering states entering the Berggren basis
are defined along a contour L+c in the fourth quadrant of
the complex-momentum plane that surrounds the reso-
nant poles {ki} and then extends to k → +∞. In practice,
the integral along the contour L+c is discretized using a
Gauss-Legendre quadrature, and then a many-body basis
made of Slater determinants can be constructed as usual.
The numerical resolution of the many-body prob-
lem is performed using the density matrix renormaliza-
tion group (DMRG) method for open quantum systems
[51, 57] or Gamow-DMRG (G-DMRG), which has been
shown to be a powerful technique to handle large many-
body spaces. Also, working within a basis generated with
natural orbitals [58] allows to significantly speed-up the
numerical convergence of the G-DMRG method [59–61].
Our strategy is to make a parameter reduction of the
G-DMRG Hamiltonian using effective scale arguments.
The goal is to rearrange Hamiltonian terms similarly to
what is usually done in core-based shell model approaches
or, more microscopically, using the in-medium similar-
ity renormalization group approach [62, 63]. First, the
one-body 4He-neutron interaction is taken in a Woods-
Saxon (WS) form. It contains the central and spin-orbit
terms, whose parameters were optimized to the s and p
phase shifts in the α−n scattering [64–66] The resulting
WS parameters are: the depth V0 = 41.77 MeV, the dif-
fuseness a = 0.618 fm, the radius R0 = 2.162 fm, and the
spin-orbit strength Vso = 6.991 MeV. By construction, the
energies and widths of the Jpi = 3/2− ground state and
the Jpi = 1/2− broad excited state of 5He are reproduced,
with the latter being solely a pole of the S-matrix rather
than a genuine resonance. These parameters coincide
within the error bars with those obtained in the recent
optimization study [53]. This choice of the one-body po-
tential departs from halo-EFT but provides a simple way
to include α − n correlations.
In a second step, we reduce the interaction between va-
lence neutrons to a residual two-body force using insights
from halo-EFT. For the two-neutron interaction, we take
a reduced variant of the Furutani-Horiuchi-Tamagaki
(FHT) interaction [67, 68]. In the original FHT interac-
tion, four terms are present in the isovector channel: two
central terms in the spin-singlet and spin-triplet chan-
nels, and one spin-orbit term and one tensor term in the
spin-triplet channel. However, based on the halo-EFT
argument, we reduce the FHT interaction to the single
central term in the spin-singlet channel. We note in pass-
ing that this argument explains the sloppiness of the pa-
rameters associated with the spin-triplet FHT channels
seen in Ref. [53]. The leading-order of halo-EFT [42, 43]
involves the 1S0 channel only. Here we also consider the
L > 0 spin-singlet channels to be able to check a pos-
teriori that the main contribution comes from the 1S0
channel.
The form factor for the central FHT term is a sum
of three Gaussians with different ranges: (r0 = 0.160 fm),(r1 = 1.127 fm) and (r2 = 3.400 fm). This is another dif-
ference with halo-EFT at leading-order as in the latter
case the interaction is given by a regularized delta force
in the 1S0 channel [42, 43], which can be taken in a sin-
gle Gaussian form. We stick to the original FHT form
factor as it has proven to perform well in earlier studies
[36, 53, 60, 69]; our objective is to show how a simple,
well established Hamiltonian based on effective scale ar-
guments can capture the complex energy relations within
the neutron-rich helium chain.
The one-body model space is the spd space, built on
the s.p. poles 0p3/2 and 0p1/2 and associated continua,
each made of three segments in the complex momen-
tum plane defined by the points (0.2,−0.1), (0.4,0.0) and
3(6.0,0.0) (all in fm−1) for the p3/2 partial wave, and the
points (0.25,−0.2), (0.5,0.0) and (6.0,0.0) (in fm−1) for
the p1/2 partial wave. The continuum associated with
the s1/2 partial wave is real and defined by the points
0.1, 0.2, and 6.0 fm−1. Each segment defining the s and p
continua are discretized with 12 points. Additionally, the
1s1/2 state was added to the s.p. basis for the 8−10He cal-
culations by increasing the depth of the basis-generating
WS potential, as its absence would make the identifica-
tion of many-body states difficult. In fact, not including
the 1s1/2 shell explicitly is possible and leads to identi-
cal results, but requires an unnecessary dense discretiza-
tion of the s1/2 continuum to meet the unitarity condi-
tion. Finally, the d3/2 and d5/2 continua are represented
by six harmonic oscillator shells each. We checked that
adding higher partial waves only leads to an overall en-
ergy renormalization; hence, it does not change our re-
sults. It is worth noting that contrary to previous similar
approaches [49, 50, 53], no truncations on the number of
particles in the continuum are imposed in our work.
Results.– Once the parameters of the WS potential
have been optimized, there remains only one free param-
eter left, namely the strength of the spin-singlet central
interaction Vc. We choose to adjust Vc by computing the
energies of known states in 6−8He for three values of Vc
in a reasonable interval (Vc=−5.7 MeV ±10%). As the
energy is almost linear as a function of Vc within this
interval, one can determine the value of Vc that repro-
duces the experimental energy for each state and then
define the optimal value V
(opt)
c as an average over these
values. In this way, we obtain V
(opt)
c =−5.709 MeV with
the root-mean-square (rms) error of σ=0.008 MeV. The
small value of σ illustrates the ability of our model to
describe the spectra of 6−8He. In fact, if we reduce the
two-body interaction to the 1S0 channel only and read-
just the ground state of 6He to the experimental value,
our predictions degrade only slightly. For instance, by
considering the 0+ and 2+ states of 6He as well as the
3/2− and 5/2− states of 7He, for which there are firm ex-
perimental results, the rms error on the energy is about
9 keV with the original interaction (L ≥ 0), while it is
about 26 keV with the simplified interaction (L = 0).
This demonstrates the dominant role of the 1S0 interac-
tion channel as expected from halo-EFT.
We wish to point out that the Jpi = 2+1 state of 6He
requires an abnormally large interaction strength (Vc ≈−6.8 MeV) to reproduce the experimental value; hence,
is not included in the calculation of V
(opt)
c . The reason
for this discrepancy (around 180 keV) is the dominant
0p3/2 → 0p1/2 structure of this state [52]. In fact, the
deviation between the calculated and experimental values
for the 2+1 state can be significantly reduced by slightly
changing the strength of the spin-orbit term of the core-
neutron potential. In this work, however, we decided to
keep the one-body Hamiltonian fixed throughout.
In general, decay widths are not computed as ac-
curately as energies. Moreover, energies and widths
are highly correlated. For these reasons, we de-
cided not to include decay widths when computing
the energy uncertainty associated with Vc: ∆E =
0.5 ∣E(V (opt)c + σ) −E(V (opt)c − σ)∣. The results of the G-
DMRG approach for the energy spectra of the neutron-
rich helium chain using V
(opt)
c are shown in Fig. 1 and
listed in Table I.
TABLE I. Experimental [20] and calculated energies with re-
spect to the 4He g.s. (in MeV) and widths (in keV) for 5−10He.
The uncertainty ∆E on energies (in MeV) is given in the last
column.
Nucleus Jpi Eexp Γexp Eth Γth ∆E
5He 3/2− 0.798 648 0.766 671
1/2− 2.197 5903
6He 0+ −0.972 −0.974 0.006
2+ 0.824 113 1.007 207
7He 3/2− −0.527 150 −0.507 142 0.007
1/2− 0.844 2150 0.006
5/2− 2.393 1990 2.344 1726 0.002
8He 0+ −3.10 −3.176 0.014
2+ 0.0 600 0.116 776 0.009
9He 1/2+ −3.05 76 0.015
1/2− −2.71 210 0.017
5/2+ 0.55 250
10He 0+ −3.21 < 1 keV 0.014
Consistently with Refs. [30, 31, 49, 50], we predict very
broad 1/2−1 states in 5,7He; these resonant states cannot
be considered as genuine nuclear states because of their
short lifetimes, see Refs. [61, 70] for more discussion con-
cerning this point. For 8He, we found that its g.s. has a
complex structure [71, 72], with p3/2 and p1/2 occupations
being about 2.58 and 0.18, respectively, and the remain-
ing occupations (0.24) shared between the s and d partial
waves. For comparison, the first excited 2+ state of 8He
has p3/2 and p1/2 occupations of almost 3.0 and 1.0, re-
spectively. This is reminiscent of the situation in 6He,
which g.s. has a strong dineutron component and the
excited state has predominantly a particle-hole structure
[52].
For 9He, we predict a narrow Jpi = 1/2+ g.s. and a
close-lying Jpi = 1/2− resonance with a larger width (these
states could not be distinguished in the recent Gamow
shell model study [53] within statistical uncertainties),
as well as a Jpi = 5/2+ resonance at higher energy. The
uncertainty on the Jpi = 5/2+ state could not be estimated
due to the instability of calculations for extreme values
of Vc. These results are in relative agreement with ex-
perimental data from (d, p) reactions [9], and at variance
with the study of isobaric analog states in 9Li [73], as well
as the no-core shell model with continuum calculations
of Ref. [32] where the g.s. is predicted to have Jpi = 1/2−
and the first excited state to be a broader Jpi = 3/2− res-
onance. We note that in Ref. [32], in which only the two-
4body part of the normal-ordered three-body forces was
considered, the 2+1 state of 8He used to build the 8He + n
channels was calculated as a bound state, and the only
decay channel considered (for a fairly small number of
channels) was one-neutron emission. In our calculations,
the Jpi = 1/2+ state in 9He is predicted to be built almost
entirely of excitations to the s1/2 continuum, see below.
We also make a prediction for the g.s. of 10He, which
is calculated at an energy that is slightly lower than the
g.s. of 8He. Taking into account the uncertainty on the
g.s. energies of 8−10He, and the decay width of the g.s.
of 9He, both one- and two-neutron decay channels are
theoretically possible. Interestingly, it appears that the
ground states of 8He, 9He, and 10He have almost iden-
tical partial-wave decompositions except for the s1/2 oc-
cupations, which are almost exactly zero, one, and two,
respectively. In comparison, the 1/2− state of 9He is al-
most entirely built of the p1/2 component. The interplay
between s1/2 and p1/2 continuum states is believed to be
a determining factor for the phenomenon of parity inver-
sion in 9He [74].
The almost identical energies and partial-wave occu-
pations of the ground states of 8He and 10He support the
8He + 2n cluster picture of 10He, in which an extended
dineutron structure is present atop the four-neutron halo
in 8He. In this context, we note similar energy relations
for 8,9,10He and the dripline oxygen isotopes 26,27,28O
[36, 69]. Namely, 10He and 28O, both nominally doubly-
magic, are predicted to have a threshold character and
are expected to decay predominantly via the 2n channel.
The unbound nuclei 27O and 9He have complex spectra
consisting of positive and negative parity states. In both
neutron-rich oxygen and helium chains, the continuum
space affects the energy relations in a profound way.
Conclusions.–In this study, we demonstrated that the
intricate energetic relations within the neutron-rich he-
lium chain (5−10He) can be precisely described in a very
large continuum space, by using a simple Hamiltonian
justified by effective scale arguments. In the present 4He-
plus-(A − 4) neutron G-DMRG framework, the Hamilto-
nian reduces to a core-neutron potential optimized to
the low-energy n −4 He scattering, and a single central
valence-neutron interaction term in the spin-singlet chan-
nel. The success of our approach can be understood in
terms of halo effective field theory approach to dilute sys-
tems.
Our calculations have, for the first time, no truncation
on the number of particles in the continuum within the
spd model space. This milestone was enabled by using
the G-DMRG method for open quantum systems in a
basis of natural orbitals, In this way, we were able to
consider the largest ever continuum space when making
predictions for extremely neutron-rich threshold systems
9,10He.
By optimizing the single active parameter of our
model, the strength of the two-body isoscalar central po-
tential, we were able to reproduce known energy levels
in 6−8He within tens of keV. We predict a parity inver-
sion in 9He, which is a robust feature of our model, and
showed that the ground states of 8−10He, have almost
identical `-content except for the s-wave. The nucleus
10He has been calculated to be a threshold system. While
it is most likely a two-neutron emitter, considering the
current theoretical uncertainties, we cannot exclude a se-
quential two-neutron decay through the ground state of
9He or a direct one-neutron decay branch.
In conclusion, this work constitutes the first attempt
to find a compromise between the phenomenological shell
model, halo effective field theory, and full-fledged A-body
approaches to weakly bound/unbound nuclei. The un-
derlying Hamiltonian, kept as simple as possible yet re-
alistic, can be justified by effective scale arguments. In
the case of neutron-rich helium isotopes, such a strat-
egy resulted in surprisingly precise results. Our study
could be further expanded in several directions includ-
ing a quantification of uncertainties stemming from the
simplification inherent to the model. Our work also sug-
gests that while the current halo-EFT strategy quickly
increases the complexity of the Hamiltonian when using
power counting rules, there might be alternative ways to
develop simple effective descriptions of neutron-rich sys-
tems.
ACKNOWLEDGMENTS
We thank Nicolas Michel for sharing the codes used
to generate interaction matrix elements and optimize the
core potential. We also thank Heiko Hergert and Scott
Bogner for many useful comments, as well as Yannen
Jaganathen and Erik Olsen for discussions. This work
was supported by the U.S. Department of Energy, Office
of Science, Office of Nuclear Physics under award num-
bers de-sc0017887, de-sc0013365 (Michigan State Uni-
versity) and de-sc0018083 (NUCLEI SciDAC-4 collab-
oration), and by the National Science Foundation un-
der award number PHY-1403906. An award of computer
time was provided by the Institute for Cyber-Enabled Re-
search at Michigan State University, and part of the com-
putations was performed on local resources at Chalmers
University of Technology supported by the Swedish Foun-
dation for International Cooperation in Research and
Higher Education (STINT, IG2012-5158).
[1] D. R. Tilley et al., Nucl. Phys. A 708, 3 (2002).
[2] I. Tanihata et al., Phys. Lett. B 160, 380 (1985).
[3] M. S. Golovkov et al., Phys. Lett. B 672, 22 (2009).
[4] T. Kobayashi et al., Nucl. Phys. A 616, 223 (1997).
5[5] D. Aleksandrov et al., Nucl. Phys. A 633, 234 (1998).
[6] D. H. Denby et al., Phys. Rev. C 78, 044303 (2008).
[7] Y. Aksyutina et al., Phys. Lett. B 679, 191 (2009).
[8] D. Tilley, J. Kelley, J. Godwin, D. Millener, J. Purcell,
C. Sheu, and H. Weller, Nucl. Phys. A 745, 155 (2004).
[9] T. Al Kalanee et al., Phys. Rev. C 88, 034301 (2013).
[10] A. A. Korsheninnikov et al., Phys. Lett. B 326, 31 (1994).
[11] A. N. Ostrowski et al., Phys. Lett. B 338, 13 (1994).
[12] H. T. Johansson et al., Nucl. Phys. A 842, 15 (2010).
[13] S. I. Sidorchuk et al., Phys. Rev. Lett. 108, 202502
(2012).
[14] P. G. Sharov, I. A. Egorova, and L. V. Grigorenko, Phys.
Rev. C 90, 024610 (2014).
[15] S. Aoyama, Phys. Rev. Lett. 89, 052501 (2002).
[16] L. V. Grigorenko and M. V. Zhukov, Phys. Rev. C 77,
034611 (2008).
[17] M. D. Jones et al., Phys. Rev. C 91, 044312 (2015).
[18] H. T. Fortune, Phys. Rev. C 88, 054623 (2013).
[19] H. T. Fortune, Phys. Rev. C 91, 034306 (2015).
[20] http://www.nndc.bnl.gov/ensdf (2015).
[21] C. Forsse´n, G. Hagen, M. Hjorth-Jensen, W. Nazarewicz,
and J. Rotureau, Phys. Scr. T 2013, 014022 (2013).
[22] W. Nazarewicz, J. Phys. G 43, 044002 (2016).
[23] B. S. Pudliner and V. R. Pandharipande, Phys. Rev. C
56, 1720 (1997).
[24] J. Carlson and K. M. Nollett, AIP Conf. Proc. 769, 1289
(2005).
[25] E. Caurier and P. Navra´til, Phys. Rev. C 73, 021302(R)
(2006).
[26] A. F. Lisetskiy et al., Phys. Rev. C 78, 044302 (2008).
[27] D. Sa¨a¨f and C. Forsse´n, Phys. Rev. C 89, 011303(R)
(2014).
[28] G. Hagen, D. J. Dean, M. Hjorth-Jensen, and T. Papen-
brock, Phys. Lett. B 656, 169 (2007).
[29] G. Papadimitriou, J. Rotureau, N. Michel,
M. P loszajczak, and B. R. Barrett, Phys. Rev. C
88, 044318 (2013).
[30] S. Baroni, P. Navra´til, and S. Quaglioni, Phys. Rev. Lett.
110, 022505 (2013).
[31] S. Baroni, P. Navra´til, and S. Quaglioni, Phys. Rev. C
87, 034326 (2013).
[32] M. Vorabbi, A. Calci, P. Navra´til, M. K. G. Kruse,
S. Quaglioni, and G. Hupin, Phys. Rev. C 97, 034314
(2018).
[33] U. van Kolck, Phys. Rev. C 49, 2932 (1994).
[34] E. Epelbaum, H. W. Hammer, and U. Meißner, Rev.
Mod. Phys. 81, 1773 (2009).
[35] R. Machleidt and D. R. Entem, Phys. Rep. 503, 1 (2011).
[36] K. Fossez, J. Rotureau, N. Michel, and W. Nazarewicz,
Phys. Rev. C 96, 024308 (2017).
[37] R. J. Furnstahl, N. Klco, D. R. Phillips, and
S. Wesolowski, Phys. Rev. C 92, 024005 (2015).
[38] R. J. Furnstahl, D. R. Phillips, and S. Wesolowski, J.
Phys. G 42, 034028 (2015).
[39] J. A. Melendez, S. Wesolowski, and R. J. Furnstahl,
Phys. Rev. C 96, 024003 (2017).
[40] P. F. Bedaque and U. van Kolck, Annu. Rev. Nucl. Part.
Sci. 52, 339 (2002).
[41] H. W. Hammer, C. Ji, and D. R. Phillips, J. Phys. G
44, 103002 (2017).
[42] C. A. Bertulani, H. W. Hammer, and U. van Kolck,
Nucl. Phys. A 712, 37 (2002).
[43] P. F. Bedaque, H. W. Hammer, and U. van Kolck, Phys.
Lett. B 569, 159 (2003).
[44] J. Rotureau and U. van Kolck, Few-Body Syst. 54, 725
(2013).
[45] C. Ji, C. Elster, and D. R. Phillips, Phys. Rev. C 90,
044004 (2014).
[46] U. van Kolck, Nucl. Phys. A 645, 273 (1999).
[47] J. W. Chen, G. Rupak, and M. J. Savage, Nucl. Phys.
A 653, 386 (1999).
[48] S. Gandolfi, H. W. Hammer, P. Klos, J. E. Lynn, and
A. Schwenk, Phys. Rev. Lett. 118, 232501 (2017).
[49] N. Michel, W. Nazarewicz, M. P loszajczak, and J. Ro-
tureau, Revista Mexicana De Fisica 5 Suplemento 2,
74 (2004).
[50] A. Volya and V. Zelevinsky, Phys. Rev. Lett. 94, 052501
(2005).
[51] J. Rotureau, N. Michel, W. Nazarewicz, M. P loszajczak,
and J. Dukelsky, Phys. Rev. Lett. 97, 110603 (2006).
[52] G. Papadimitriou, A. T. Kruppa, N. Michel,
W. Nazarewicz, M. P loszajczak, and J. Rotureau,
Phys. Rev. C 84, 051304(R) (2011).
[53] Y. Jaganathen, R. M. Id Betan, N. Michel,
W. Nazarewicz, and M. P loszajczak, Phys. Rev.
C 96, 054316 (2017).
[54] T. Berggren, Nucl. Phys. A 109, 265 (1968).
[55] T. Berggren and P. Lind, Phys. Rev. C 47, 768 (1993).
[56] N. Michel, W. Nazarewicz, M. P loszajczak, and
T. Vertse, J. Phys. G 36, 013101 (2009).
[57] J. Rotureau, N. Michel, W. Nazarewicz, M. P loszajczak,
and J. Dukelsky, Phys. Rev. C 79, 014304 (2009).
[58] L. Brillouin, Act. Sci. Ind. 71, 159 (1933).
[59] Ik Jae Shin, Youngman Kim, P. Maris, J. P. Vary,
C. Forsse´n, J. Rotureau, and N. Michel, J. Phys. G 44,
075103 (2017).
[60] K. Fossez, J. Rotureau, N. Michel, Q. Liu, and
W. Nazarewicz, Phys. Rev. C 94, 054302 (2016).
[61] K. Fossez, J. Rotureau, N. Michel, and M. P loszajczak,
Phys. Rev. Lett. 119, 032501 (2017).
[62] K. Tsukiyama, S. K. Bogner, and A. Schwenk, Phys.
Rev. C 85, 061304(R) (2012).
[63] H. Hergert, S. K. Bogner, T. D. Morris, A. Schwenk, and
K. Tsukiyama, Phys. Rep. 621, 165 (2016).
[64] B. Hoop Jr. and H. H. Barschall, Nucl. Phys. 83, 65
(1966).
[65] T. Stammbach and R. L. Walter, Nucl. Phys. A 180, 225
(1972).
[66] J. E. Bond and F. W. K. Firk, Nucl. Phys. A 287, 317
(1977).
[67] H. Furutani, H. Horiuchi, and R. Tamagaki, Prog. Theor.
Phys. 60, 307 (1978).
[68] H. Furutani, H. Horiuchi, and R. Tamagaki, Prog. Theor.
Phys. 62, 981 (1979).
[69] M. D. Jones et al., Phys. Rev. C 96, 054322 (2017).
[70] K. Fossez, W. Nazarewicz, Y. Jaganathen, N. Michel,
and M. P loszajczak, Phys. Rev. C 93, 011305(R) (2016).
[71] N. Keeley et al., Phys. Lett. B 646, 222 (2007).
[72] F. Skaza et al., Nucl. Phys. A 788, 260 (2007).
[73] E. Uberseder et al., Phys. Lett. B 754, 323 (2016).
[74] P. G. Hansen and B. M. Sherrill, Nucl. Phys. A 693, 133
(2001).
